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a b s t r a c t

Chemokine receptor 5 (CCR5) is a cell surface protein required for HIV-1 infection. It is important to
detect the amount and observe the spatial distribution of the CCR5 receptors on the cell surfaces. In this
report, we describes the metal nanoparticles which were specially designed as molecular fluorescent
probes for imaging of CCR5 receptors on the T-lymphocytic PM1 cell surfaces. These CCR5 monoclonal
antibodies (mAbs) metal complexes were prepared by labeling mAbs with Alexa Fluor 680 followed by
covalent binding the labeled mAbs on the 20 nm silver nanoparticles. Compared with the labeled mAbs
without metal, the mAb–metal complexes were found to display enhanced emission intensity and short-
ened lifetime due to interactions between fluorophores and metal. The mAb–metal complexes were incu-
bated with the PM1 cell lines. The confocal fluorescent intensity and lifetime cell images were recorded
on single cells. It was observed that the mAb–metal complexes could be clearly distinguished from the
cellular autofluorescence. By analyzing a pool of cell images, we observed that most CCR5 receptors
appeared as clusters on the cell surfaces. The fluorophore–metal complexes developed in this report
are generally useful for detection of cell surface receptors and provide a new class of probe to study
the interaction between the CCR5 receptors with viral gp120 during HIV infections.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

The chemokine receptor CCR5 is expressed as a co-receptor on
the cell surfaces of T-lymphocytes [1,2]. It is recognized by the
R5 virus during the initial stage of infection [3,4]. Therefore, the
detection of the CCR5 receptors, including amount and distribution
on the cell surfaces, may provide insight into understanding the
molecular mechanism of infection. Fluorescence microscopy has
been widely applied to detect the various target molecules on
the cell surfaces [5–7]. Cell imaging is also expected to be useful
for elucidating cellular signal transductions and for medical diag-
nostics. In the present report, we describe the use of cell imaging
to observe the CCR5 receptors on the surfaces of T-lymphocytic
PM1 cells.
ll rights reserved.
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The information available from fluorescent cell imaging de-
pends on the biochemical and optical properties of the imaging
agents. These agents typically consist of fluorophores conjugated
to the antibodies that may provide binding specificity [8–10].
However, there are several limitations with the use of organic fluo-
rophores. The optical brightness or photon emission rate of single
fluorophore is limited, and it is thus difficult to depth single fluoro-
phores in the presence of cellular autofluorescence in cell imaging.
Additionally, single fluorophores often display photobleaching
and/or blinking. And finally, most organic fluorophores have emis-
sion lifetimes close to that of cellular autofluorescence (2–10 ns),
which makes it difficult to distinguish the probe emission from cel-
lular autofluorescence. Hence, there is a need for novel imaging
agents with improved intrinsic optical properties.

During the past 10 years, there has been a great interest in the
use of metal nanoparticles as optical probes. Such metal nanopar-
ticles are known to display strong interactions with light due to
collective oscillation of electrons on the metal surfaces [11–13].
These oscillations are known as plasmons. Fluorophores can inter-
act with these plasmons in a manner that improves the optical
properties of the fluorophores. These improvements include an
increase in intensity, quantum yield, and photostability, and a
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decrease in blinking and lifetime [14,15]. We used this phenome-
non to develop fluorophore–metal nanoparticle complexes and ap-
plied the complexes for cell imaging to detect the membrane-
bound receptors [16,17].

In the present paper, these probes were used to detect the CCR5
receptors on the cell surfaces of T-lymphocytes. The mAb–metal
complexes were synthesized by binding the fluorescently labeled
mAb molecules on the 20 nm silver nanoparticles. The mAb–metal
complexes were then incubated with T-lymphocytic PM1 cells
(Fig. 1). We selected a long wavelength fluorophore Alexa Fluor
680 to minimize the contribution of cellular autofluorescence in
cell imaging [18]. The average number of the CCR5 receptors per
T-lymphocytes and the distribution on the cell surfaces were
determined in the research.

2. Materials and methods

All reagents and spectroscopic grade solvents were purchased
from Sigma–Aldrich. Alexa Fluor 680 succinimidyl ester was pur-
chased from Invitrogen. The dialysis membrane (MWCO 4000)
was purchased from Spectrum Laboratories, Inc. The Nanopure
water (>18.0 MX cm) from a Millipore Milli-Q was used in all
experiments. (2-mercapto-propionylamino) acetic acid 2,5-dioxo-
pyrrolidin-1-ylester was synthesized as we have described previ-
ously [19]. PM1 cells were from Dr. R.R. Redfield’s laboratory at
the Institute of Human Virology. Monoclonal CCR5 antibody
(45531) was obtained from the NIH AIDS Research and Reference
Reagent Program.

2.1. Fluorescently labeling anti-CCR5 mAb

Anti-CCR5 mAb was labeled with Alexa Fluor 680 succinimidyl
ester via a reactive ester reaction [20]. Typically, anti-CCR5 mAb
was dissolved in 10 mM PBS buffer that was adjusted to pH 8.0 with
sodium hydrogencarbonate. Alexa Fluor 680 succinimidyl ester was
then added to the solution at a molar ratio of dye/mAb = 5/1. The
solution was stirred for 2 h at 4 �C. The unbound fluorophore was re-
moved by gel filtration column chromatography on Sephadex G-
150, followed by dialysis against 10 mM PBS buffer at pH 7.2.

2.2. Preparation of mAb–metal complex

Silver nanoparticles with an average diameter of 20 nm were
synthesized in a modified Brust reaction as reported previously
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Fig. 1. Alexa Fluor 680 labeled anti-CCR5 mAb or mAb–metal complex were
immuno-interacted with target CCR5 receptor on T-lymphocytic PM1 cell.
[17]. The metal nanoparticles were coated with organic monolay-
ers of N-(2-mercaptopropionyl) glycine (tiopronin) [16,17] and
then partially substituted by (2-mercapto-propionylamino) acetic
acid 2,5-dioxo-pyrrolidin-1-ylester via ligand exchange [21]. The
substitution was carried out in a mixture solution of N,N0-dimeth-
ylformamide (DMF) and water (v/v = 1/1) with the silver nanopar-
ticle concentration of 4 � 10�8 M, as estimated from the extinction
coefficient, and succinimidyl ester concentration of 8 � 10�7 M.
The reaction solution was stirred for 24 h at room temperature.
The suspension was removed by centrifugation at 6000 rpm, and
the residue was washed with ethanol to remove the non-reacted
organic components. The purified metal nanoparticles were dis-
persed in 10 mM PBS buffer at pH 7.2.

The labeled anti-CCR5 mAbs were covalently bound on the sil-
ver nanoparticles via condensation [22]. Typically, the succini-
midylated metal nanoparticles (2 � 10�8 M) and labeled mAb
(4 � 10�7 M) were co-dissolved in 10 mM PBS buffer at pH 8.0.
The reaction solution was continuously stirred for 2 h at 4 �C. The
suspension was first centrifuged at 2000 rpm for 2 min. to remove
the aggregated metal nanoparticles, and then at 8000 rpm to re-
cover the metal nanoparticles. The residue was redispersed in
10 mM PBS buffer at pH 7.2. One drop of diluted ammonium
hydroxide was added into solution to eliminate any non-reacted
succinimidyl moieties on the metal nanoparticles. The sample
was then centrifuged at 8000 rpm and washed with 10 mM pH
7.2 PBS buffer. The residue was dispersed in 10 mM PBS buffer
and stored at 4 �C.

2.3. Cell culture and immuno-reaction on the cell surface

T-lymphocytic PM1 cells were grown in the RPMI-1640 culture
medium (Sigma) supplemented with 10% (v/v) heat-inactivated fe-
tal bovine serum (Atlanta Biologicals Inc., GA) that contained
200 units/ml penicillin, 200 units/ml streptomycin (Invitrogene)
and recombinant human interleukin (100 U/ml) (Roche, Indianap-
olis, Indiana, USA). The cells were grown for 6 days prior to the
conjugation experiments [23]. The number of cells was counted
to be ca. 5 � 106 cells/ml. PM1 cells in 500 lL aliquots were incu-
bated with the mAb–metal complex in serial concentrations of
200, 100, 40, 15, 3, 0.3 � 10�12 M for 2 h at room temperature.
The labeled cell lines were washed with PBS-Mg solution and then
re-suspended in 500 lL PBS buffer. 20 lL cell-suspended solutions
were taken and cast on the cleaned glass coverslips and dried in air
for cell imaging.

2.4. Cell imaging, TEM and spectral measurements

Absorption spectra were monitored with a Hewlett Packard
8453 spectrophotometer. Ensemble fluorescence spectra were re-
corded with a Cary Eclipse Fluorescence Spectrophotometer. Cell
images were obtained with a time-resolved confocal microscope
(MicroTime 200, PicoQuant) [21], which consists of an inverted
confocal microscope coupled to high-sensitivity detection optics.
A single mode pulsed laser diode (635 nm, 100 ps, 40 MHz)
(PDL800, PicoQuant) was used as the excitation source. An oil
immersion objective (Olympus, 100�, 1.3NA) was used for both
focusing laser light onto sample and collecting the emission. The
emission signal was passed through a dichroic mirror, focused onto
a 75 lm pinhole for spatial filtering to reject out-of-focus light, and
detected with a single photon avalanche diode (SPAD) (SPCM-AQR-
14, Perkin–Elmer Inc). Bandpass filters were used to eliminate the
scattering incident light and minimize the spectral crosstalk. The
photon counts were collected with a TimeHarp 200 board and
stored in Time-Tagged Time-Resolved Mode (TTTR), which allows
every detected photon to be accepted with a specific excitation
pulse and spatial location.
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Transmission electron micrographs (TEM) were taken with a
side-entry Philips electron microscope at 120 keV. Samples were
cast from water solutions onto standard carbon-coated (200–
300 Å) Formvar films on copper grids (200 mesh) by placing a
droplet of a 1 mg/mL aqueous sample solution on the grids. The
size distribution of the metal cores was analyzed with Scion Image
Beta Release 2 using data from at least 200 nanoparticles.

3. Results and discussion

Prior to cell imaging, we characterized the spectral properties of
the mAb–metal complexes. From the absorption spectrum (Fig. S1)
and extinction coefficient of Alexa Fluor 680 [20], we determined
that each anti-CCR5 mAb molecule contained an average of 3.4
fluorophores. We found this number of fluorophore to provide ade-
quate brightness without interfere with the immune reactivity
[20]. Upon excitation at 650 nm, the labeled mAbs exhibited an
emission maximum of 701 nm (Fig. S1), close to the free Alexa
Fluor 680. On the TEM images, the metal nanoparticles showed
homogeneous sizes with 80% in a range of 20 ± 10 nm. Larger
nanoparticles are known to be able to enhance the fluorescence
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Fig. 2. Representative time traces of single Alexa Fluor 680, fluorescent anti-CCR5 mA
respective typical single molecule or nanoparticle fluorescence images recorded in eit
resolutions were 100 � 100 pixel with an integration of 0.6 ms/pixel.
more efficiently [17]. However, we selected the smaller size parti-
cles because there were less steric hindrances to bind with the tar-
get molecules on the cell surfaces [22].

For use with cell imaging, it is important for the nanoparticles
to be chemically stable and not aggregate in the culture medium.
In order to improve the stability of metal nanoparticles in buffer,
the metal nanoparticles were coated with organic monolayers.
Covalent binding sites for anti-CCR5 mAbs on the metal nanoparti-
cles were obtained by partial substitution of the surface-bound
ligands with (2-mercapto-propionylamino) acetic acid 2,5-dioxo-
pyrrolidin-1-ylester. Such a surface exchange is known to occur
at the molar ratio of 1:1 [21], so we expect that there are approx.
20 succinimidyl ligands substituted per metal nanoparticle. The
labeled mAb molecules were then added in a 20-fold excess rela-
tive to the silver nanoparticles to reduce possible aggregation of
the metal nanoparticles. The absorbance spectrum of the mAb–me-
tal complexes (Fig. S2) showed an identical plasmon resonance to
that of individual silver nanoparticles suggesting that the nanopar-
ticles were not significantly aggregated. The metal nanoparticles
were observed as clear single particles on the TEM image with an
average 20 nm diameter (inset of Fig. S2) furthermore supporting
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the fact the metal nanoparticles did not aggregate. Upon excitation
at 650 nm the mAb–metal complexes exhibited an emission max-
imum of 705 nm (Fig. S3), which is a slight red-shift from the la-
beled mAbs without metal.

In order to determine the number of mAb on a single metal
nanoparticle, we removed the metal core of silver nanoparticle
by adding several drops of 0.1 N NaCN [24]. The plasmon reso-
nance was found to progressively disappear as the metal was re-
moved by NaCN. As a result, the bound mAb molecules were
released into solution. The concentration of dissolved metal nano-
particle in solution was estimated from the intensity of plasmon
resonance before the treatment; and the concentration of released
mAb was estimated from the emission intensity after the treat-
ment. The data indicated that there was an average of 8.3 mAb
molecules per silver nanoparticle. We also noticed that the fluores-
cence intensity decreased upon the dissolution of metal (Fig. S2),
which was due to the loss of the metal–fluorophore interaction
[17,21].

The optical properties of single mAb–metal complexes were
evaluated with the time-resolved confocal microscope. Individual
round spots were observed in the images (Fig. 2) that appeared
to be due to single nanoparticles. The time traces from apparent
single mAb–metal complexes decayed exponentially with the
observation time due to the continuous photobleaching of multiple
fluorophores on each particle. In contrast, the time traces from sin-
gle labeled mAb molecules without metal displayed multi-step
photobleaching indicating that mAb molecule had several fluoro-
phores. The emission rates of these mAb molecules were lower
than those of the mAb–metal complexes. The time traces of single
Alexa Fluor 680 molecules displayed typical one-step photobleach-
ing. For each sample, at least 50 emission spots were collected for
the analysis of the emission intensity and lifetime (Fig. 3). The re-
sults showed that a labeled mAb molecule exhibited a 3-fold in-
crease of emission intensity comparing with a free Alexa Fluor
680 molecule. This is consistent with our estimation that each
mAb molecule is labeled by 3.4 fluorophores. The lifetime was al-
most unchanged. The mAb–metal complex displayed a 20-fold in-
crease of emission intensity relative to the labeled mAb without
metal (Fig. 3a) that we believe was due to a combination of in-
creased rates of excitation and emission. Simultaneously, the life-
time was dramatically shortened from 1.8 ns to 0.9 ns (Fig. 3b),
which was due to the increase of radiative rates of fluorophores
when coupled with metal nanoparticle [15]. We found that the life-
time of the mAb–metal complex is significantly shorter than that of
the cellular autofluorescence (2–10 ns). There was a range of inten-
sity or lifetime for the single mAb–metal complexes, which was
probably due to the loading number of fluorophores per mAb mol-
ecule, metal nanoparticle size, and emission distribution. However,
these ranges were ±50% proximately acceptable for the current
experiments. Relative to the labeled mAbs without metal, the
mAb–metal complexes display enhanced emission intensities and
shortened lifetimes, so we anticipate these emission signals can
be isolated from the cellular autofluorescence in cell imaging.

To determine the optimal condition for binding the mAb–metal
complexes with the CCR5 receptors on the cell surfaces, the cells
were incubated with increasing concentration of mAb–metal com-
plex. The incubated cells were then washed with buffer and cast on
the coverslips for cell imaging. As a control, the cells were also
incubated under the same conditions with the labeled mAbs but
without metal nanoparticles. Representative single cell images
are presented in Fig. 4. As expected, the emission spots from the
mAb–metal complexes were clearly distinguished on the intensity
and lifetime cell images due to stronger emission intensities and
shorter lifetimes. In the controls, the emission signals from the
labeled mAbs without metal were dim and blurry. W also noticed
that when the cells were incubated with a low concentration of
mAb–metal complex, individual round emission spots were ob-
tained from individual probes complexes, which presumably cor-
responded with single CCR5 molecules or small clusters on the
cell surfaces. With increasing probe concentration, the emission
spots became dense and continuous throughout the cell images,
suggesting that the mAb–metal complexes were aggregated in
the large clusters.

The emission intensity and lifetime cell images were processed
with PicoQuant analysis software. At least 20 single cell images
were analyzed for each probe concentration to obtain the average
emission intensity and lifetime over the entire cell. These average
values were plotted against the incubation concentration (Fig. S3),
showing that the emission intensity increased but the lifetime de-
creased with the concentration. Both curves reached plateaus at
40 pM, suggesting that the immuno-reaction on the cell surface
was saturated. We obtained the similar curves from the cell images
with the labeled mAbs, showing similar tendencies but much
smaller scales (Fig. S3). It is noticed that the error bars in Fig. S3
are relatively large, which is probably due to the heterogeneous
distributions of the CCR5 receptors on the T-lymphocytic cell sur-
faces [25].

In order to test the specificity of the mAb–metal complex bind-
ing with the CCR5 receptor, we performed similar experiment
using the complex that was not specific for CCR5. In the experi-
ment, Cy5–avidin conjugates were covalently bound on the
20 nm silver nanoparticles followed by incubation with the PM1
cells. The collected cell images displayed only few or no emission
spots, implying that without the specific anti-CCR5 antibodies,
the avidin–metal complexes could not be efficiently conjugated
on the cell surfaces. Thus, the cell images with the mAb–metal
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complexes reflect the specific interactions of the complexes with
the CCR5 receptors.

The use of fluorescence lifetime, in stead of intensity, may pro-
vide an additional mean to detect the target molecules in a cell im-
age [10]. When the lifetime distributions throughout the entire cell
surfaces were studied with the different treatments, clear differ-
ences were obtained. The blank cell lifetime images have their
most signals above 2.0 ns. In contrast, the cell lifetime images with
the mAb–metal complexes have their most signals below 2 ns. The
cell lifetime images with the labeled mAbs have their most signals
between these two extremes. Thus, the lifetime distribution curves
from the blank cells and the cells with the labeled mAbs have a sig-
nificant overlap whereas those from the blank cells and the cells
with the mAb–metal complexes have almost no overlap. These dif-
ferences in the lifetime allowed us to resolve the signals of the
mAb–metal complexes from those of mAbs alone or from cellular
autofluorescence.

The cell images with the mAb–metal complexes (Fig. 3d) re-
vealed the clusters of fluorescence throughout the cell images.
Hence, we suggest most of the CCR5 receptors appear as clusters
on the cell surfaces. As a result, it is difficult to count the CCR5
receptors by counting the emission spots on the cell images. Thus,
we utilized the occupation percentage to represent the presence of
CCR5 receptors. Using the OriginPro-7 software, the data on the
single cell lifetime image was totally converted to one followed
by integration. This value represents the area of the entire cell.
Then, the lifetime data over 1.5 ns on the single cell lifetime image,
which may mostly come from the cellular autofluorescence, were
removed, and the left data were subsequently converted to one
followed by integration. This value represents the area of CCR5
receptors on the cell. The ratio of two integrated values was re-
garded as the occupation percentage of the CCR5 receptors. By ana-
lyzing a population of at least 20 cell lifetime images with the
mAb–metal complexes, we can give the histogram of the occupa-
tion percentage in Fig. 4i. We observed a broad distribution range
of 10–50% and a maximum value of 30%. The result from flow
cytometry measurement demonstrates that there is an average of
4000 CCR5 receptors on the PM1 cells [23]. The current results re-
veal that most of the CCR5 receptors appear as clusters on about 1/
3 area of the PM1 cells as well as few as individual receptors. This
observation is important in understanding the HIV virtual infection
and disease progress in future works.

4. Conclusion

In this paper, we report that the emission signals from the
mAb–metal complexes can be distinguished clearly from the cellu-
lar autofluorescence on the cell images. This unequivocal separa-
tion allows us to detect the amount of CCR5 molecule and
observe the spatial distribution on the cell surface with the mini-
mum interference of cellular autofluorescence. The use of the
mAb–metal complex as molecular imaging probe can provide a
new way to visualize the interaction between the CCR5 receptor
with the HIV-1 viral gp120 on the cell surface that is an important
step during HIV infection.
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